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(54) A phase assisted synchronization detector 

(57) A synchronization detector including a phase 
detector (250) and a distance metric calculator (252). 
The phase detector (250) uses the preamble readback 
signal to estimate the bit periods and outputs a signal 
indicative of this estimate. This signal is sued by the dis- 
tance metric calculator (252) to limit its search for the 
synchronization mark to every mth bit position, where m 
is a predetermined integer greater than one (1). 
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Description 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims priority from U.S. Provisional Application Serial No. 60/152,390, filed September 3, 
1999, and from U.S. Provisional Application Serial No. 60/129,654, filed April 16, 1999. 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates to magnetic recording and, particularly, to an improved synchronization detec- fl/f } 



[0003] Sampled amplitude detectors used in magnetic recording require timing recovery in order to correctly extract 
the digital sequence. As shown in FIG. 1, data sectors 100 on magnetic disks are formatted to include an acquisition 
preamble 102 a sync or synchronization^ 

%2 toacqiirre theboTre cts arTTpling frequency and^hase betor ereadlng t he ujerjagTg£T h e synchronizatio n mark 
104 demarcates the beginning of the user data . " 

[Owf 7 ""^^ usingthe periodic non-return-to-zero (NR2) sequence 001 1001 1001 1 ...which 

causes the pattern of magnetization SSNNSSNNSSNN...\o be written on the magnetic medium. The pattern is peri- 
odic having period 4T, where T is the bit period. The pattern is sometimes called a 2T pattern because the interval 
between successive magnetic field direction transitions is 27. D uring the read o peration, the sequence of samples [x,, 
x, , 1 produced by the preamble is also of period 4T. In the case of PR4 (partial response) equalization, the sequence 
isidCTllyTI rC-1 , -T "Ci ;-l7-T;~1 , T,...,]: In the case of EPR4 (extended partial response) equalization, it is [2, 0, - 2, 
0 2 0 -2 0 2 o' } In the general case of E n PR4, it is the convolution [1 , 1] n * [1 , 1 , -1 , -1 , 1 , 1 , -1 ■ -1 , 1 , 1 ,..«]■ 
[0005] ' The preamble 1 02, the sync mark 1 04, and the user data 1 06 are read in succession. Reading the preamble 
1 02 establishes bit synchronization. Reading the sync mark 1 0festebMshes the absolute bit index of the, first bit of the 
user data 106 Once bit synchronization is established, t he sync ma rk 104 is search ed for b egjnning at each possible 
bifir^xlTe at each possible start value in the sequence) within a predetermined qualification window, the onset and 
time-out of which are a priori parameters. Typically, this search is done by calculating a distance metric between the 
ideal sequence of signal samples [s* s 7 ,..., s L . t ] expectedaUhe synchronization mark 104 and each block of received 
samples [x- x /+r . , x, VL ,]. where the index / runs through all the bit indices in the qualification window. Typically, the 
first index /for which the metric does not exceed a qualification threshold is asserted to be the location of the synchro- 
nization mark 1 04. 

[0006] The prior art suffers from disadvantages in that a period T clock is required to clock the synchronization 
detector. In addition, a relatively long synchronization mark is required. 

SUMMARY OF THE INVENTION 

I [0007] These and other drawbacks in the prior art are overcome in large part by a system and method according to 
I the present invention. According to one implementation, a synchronization detector uses the periodicity of the preamble 
; to limit the search for the synchronization mark. In one implementation, the search is limited to one bit phase in each 
block of four (4) bits. In another implementation, the search is limited to one bit phase per block of two (2) bits. 
[0008] Briefly, the synchronization mark is written beginning at a known, fixed phase of the periodic preamble pat- 
tern The signal phase estimate obtained in the course of reading the preamble is used to limit the search for the syn- 
chronization marks to the bit positions whose phase matches the estimate of the fixed, known phase. 
[0009] A synchronization detector according to an embodiment of the invention includes a phase detector and a 
distance metric calculator. The phase detector uses the preamble readback signal to estimate the bit periods and out- 
puts a signal indicative of this estimate. JhjssignaMs used by the distance metric calculator to limit Its search for the 
synchronization mark to every mth bit position, where 'm is a predetermined integer greater than one (1). 
rooioT Acfvantagebusly, trie present invention allows the synchronization detector to operate on a period mT clock. 
Thus the synchronization detector may use a lower speed, less expensive clock. In addition, the synchronization detec- 
tor may be relatively shorter than required when m = 1 to achieve a given probability of correct synchronization in the 
presence of noise. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] A better understanding of the invention is obtained when the following detailed description is considered in 
conjunction with the following drawings in which: 
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FIG. 1 is a diagram of an exemplary data format of user data; FIG. 2 is a block diagram of an exemplary read/write 
channel according to 

F^ll^ synchronization detector according to an embodiment of the invention; 

FIGs'te a tebte of the squared Euclidean distance between the synchronization mark and shifts of the synchroni- 
sation mark into the preamble by multiples of four bits for an EPR4 system; and 

F^Te™ table of the squared Euclidean distance between the synchronization mark and shifts of the synchroni- 
zation mark into the preamble by multiples of two bits for an EPR4 system. 

DETAILED DESCRIPTION OF THE INVENTION 

r0012l FIGS 2- 6 illustrate an improved synchronization detector according to an implementation of the praent 

Son The synchronization detector according to an embodiment of the invention uses phase '"for^on from the 

nvention. preamble to restrict the search for the synchronization mark to a particular bit phase. 

ZT Turning now^diwin j S with particular attention to FIG. 2. a block diagram of a sampled amplitude 

STd channTSrtfmg to an embodiment of the invention is shown and identified by the reference numeral 200. Du ng 
read channel according w a ^ jn ^ ^ ^ ag an R| _ L or other 

IZo^lXcitl w5.t sequence to compensate for the transfer function of the magnetic recording 
u oi« In^oualizina filters The write circuitry 206 modulates the current in the recording head co.l to record a 
bS 6 eque e' 0 ThT m edt,m A reference frequency f ref provides a write Cock to the write , eta** ^06. 
SI The bit sequence is then provided to a variable gain amplifier 21 0 to adjust the amp tude of the s, g nal ; DC 
control 21 2 and loop filter/gain error correction 214 may be provided to control the adjustment of the VGA 210. 
F^t^rasyrnmefry control unit 215 including an asymmetry adjustment unit 216 and asymmetry control 218 may 
k« nrm/.rterl to comDensate for magneto-resistive asymmetry effects. 

£□151 The signal is then provided to a continuous time filter 220, which may be a Butterworth Liter, for examp e. to 
Sate h^frequency noise and minimize aliasing into baseband after sampling. The signal is then prov.ded to an 
=„=i„ntnriin-rtal converter 222 to sample the output of the continuous time filter 220. 

£ ,0 Tflnft^Se response filter 224 provides additional equalization of the signal to the des.red response. 
tZ Cutout of he F R 224 is provided to an interpolated timing recovery unrt 228 which is used to recover the discrete 
The output of the Fl ™-Pf * unrt js used to provide a feedback control to the DC offset 

frne sequence. The ^ ^'^S^LSol 21 8 and the FIR 224 control 226. The output of the interpolated 
control 212 - 232 to provide maximum .ikelihood detection. Further, the ITR cut- 
ting recovery 228 >s provided to * ™e£ JP ^ ^ be described jn greatef ^ be)0Wi 

tlTe L7n etecto°r JCS^SS^^ -ing phase information gleaned from having read the ^mediately ^pre- 
ce^P^S^nforn^ is then provided to the.Viterbi detector 232 for. use fc^^ ^gB^" V ' terb ' 
H^rfor outout is then prov~dedtottie decoder 236 whichdecodes the_er^|nj^rovided by Lth^coder 202^, 
detector sync mark which marks the beginning 

If thedata Te«. wSen the sync mark is detected, the sync mark detector enables the Viterbi detector 232 and decoder 

As shown in FIG. 3 an e-p.ry — 
ZTZ^Z^ « -puts the equalized signal The modulo 4 phase 

Slplr 250 uses the preamble readback signal to estimate the phase modulo 4 bit penods. The pence 14 modulo 4 
<J5£ a signal indicating this estimate to enable the distance metric calculator 252 This signal .s 
Sse^by the difance metric calculator 252 to limit rts search for the synchronization mark to every m-th b,t pos-tion, 

7wT %te ohase detector 250 accumulates phase information during a phase accumulation window This window 
SsSnedto be near the end of the preamble and is typically 20 bits in length. The phase detector accumulates two sums. 
c 0 and c-i*. 

<o=f £ 4( £ x ] 

V- i 0 (mod 4) / V- ( i 0 -2)(mod 4) J 
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\/=(/ 0 +l)(mod 4) / V/»(/ 0 .i)(mod 4) / 
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ro020] In addition to satisfying the congruencies specified in the index sets, the mdex MS restncted to the phase 
accumulation window. Advantageously, each of the two accumulators can operate on a half-speed ciock^ In effect, a 
coSon is performed between the the preamble and a pair of preamble signals, delayed from one another. 
[0021 ] The values c 0 and c, determine a phase estimate for sample index ; 0 . 

TABLE 1 



Phase detector PR4 




[*I0 x i0+3l 


C 0 


c v 


Comparison result 


Phase estimate 


[1,1,-1,-1] 


L 


L 


(C 0 > 0) and (C 1 2t 0) 


0 


[1,-1,-1,1] 


L 


-L 


(C 0 £ 0) and {C, < 0) 


1 


[-1,-1.1.1] 


-L 


-L 


(C 0 < 0) and (C t < 0) 


2 


[-1,1,1,-1] 


-L 


L 


(C 0 <0) and (C t 2:0) 


3 



r0022] Table 1 shows the expected values of c 0 and c t after reading the samples in the phase accumulator window 
n the case of PR4 equalized data. Here, L is a positive number whose exact value depends on the w.dth of the accu- 
mulator wfndow and the gain of the signal. The comparisons of c 0 and c n> with zero determine the corresponding phase 
estimate given in the last column. 

[0023] Table 2 represents the same information in the case of EPR4 equalized data. 



Table 2 
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Phase detector EPR4 




[Xjo x i0+3l 


c 0 


C 1 


Comparison result 


Phase estimate 


[2, 0, -2, 0] 


2L 


0 


(C 0 >C n )and (Co>-CO 


0 


[0, -2, 0, 2] 


0 


-2L 


(C 0 >C n )and (C 0 < - C,) 


1 


[-2, 0, 2, 0] 


-2L 


0 


(C 0 <C 1 )and(C 0 <-C 1 ) 


2 


[0,2,0,-2] 


0 


2L 


(C 0 <C 1 )and (C 0 Z-C,) 


3 



[0024] The comparisons of c 0 and c, and -c, and determine the corresponding phase estimate g.ven in the last 
column The tables for further extensions of PR4 equalization are similar to Tables 1 or 2. 

mozT] The phase estimate made by the phase detector is communicated to the d.stance metnc calculator v.a a 
phase estimate signal. More particularly, FIG. 4A shows the phase estimate signals correspond ng to the four phases, 
Tn one emoTdiment. The phase estimate signa. is high at each bit index at a fixed phase modulo four bt penods. For 
each index / at a fixed offset from a rising edge of the phase offset signal, the distance metric calculator calculates the 
distance between the received sample sequence [x,, x l+1 , .... and the ideal sample sequence [s ft s t ... s L ., 

expend atT Synchronization mark. The first index / (in the qualification window) at which this distance does not 
exceed a qualification threshold is asserted to be the location of the synchronization mark For example in one embod- 
Tment for the period 4 version for EPR4, the NRZ version of the sync mark is seven bits m length and follows the pre- 
LmbTe as 1 1 0 0 1 1 0 0 0 0 1 1 1 0 0. This results in the EPR4 equalized sequence [...0 2 0-2020-2-1 01 21 -1 - 
21 FIG 4B depicts the EPR4 equalized signal, the corresponding phase signal, and the corresponding phase estimate 
signal In this example, the phase estimate signal is high during bit periods at phase 3. S.nce the sync mark « known 
to begin at phase 3^ the distance metric calculator calculates metrics for those data sequences [x,. x i+1 ...x^] [where , 
has phase 3 More generally, for each index / at a fixed offset from a rising edge of the phase offset s.gnal, the distance 
metric calculator 252 calculates the squared Euclidean distance between the sample-by-sample sheer estimates 
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[ x i* X i+L-\ ] 



of the received sample sequence and the ideal sample sequence [s 0 , s 7 ,...,s^_ 7 ] expected at the synchronization mark. 
The first index / (in the qualification window) at which this metric does not exceed a qualification threshold is asserted 
to be the location of the synchronization mark. 

[0026] More particularly, the distance metric calculator first calculates the distance between the data sequence [x 1 , 
X| 4 . 1f ...,X| +6 ] and the expected sequence [s ft s r ,...,s 6 ] to produce a sequence of distances [d h d Ul ,..„ d /+6 / t where / has 
phase 3. Each d is then squared and the entire sequence is then summed to produce the total squared distance d tot : 

/=1 /=i 



[0027] In this example, the symbols of the data sequence and the expected data sequence are EPR4 symbols of 
the set {-2, -1 , 0, 1 , 2, }. Thus the symbols of the squared distance sequence are of the set {0, 1 , 4, 9, 1 6). One embod- 
iment of the invention uses a look up table to produce the symbols of the squared distance sequence and uses an adder 
to sum these symbols to produce the total squared distance. 

[0028] FIG. 5 shows the squared Euclidean distance between the synchronization mark and shifts of the synchro- 
nization mark into the preamble by multiples of four bits for the example discussed above. Assuming the phase estima- 
tor correctly estimates the phase of the preamble, these are the shifts at which the distance metric calculator computes 
the squared distance between the sequence of seven (7) slicer estimates of the signal and the sequence of seven (7) 
samples expected at the synchronization mark. 

[0029] The period-two implementation of the distance metric calculator according to the present invention is appro- 
priate when the relative polarity of the write and read signals is unknown. In fact, the period-two version determines the 
polarity as a by-product of determining the location of the synchronization mark. 

[0030] In one embodiment of the period-two version for EPR4, the NRZ version of the synchronization mark is four- 
teen bits in length, and follows the preamble pattern as ...1 1 0011 00 001 1 1 000001 m . This results in the EPR4 equal- 
ized sequence [...,0,2,0,-2,0,2,0,-2,-1,0,1,2,1,-1,-2,-1,0,0,1,2,1,0]. Since the correct polarity of the readback signal is 
unknown, we must compute the squared distance between the sequence of slicer estimates 

and two versions of the expected synchronization sequence: the sequence [-1,0,1,2,1,-1, -2,-1,0,0,1,2,1,0] at those 
indices / that the phase detector determines to be just after a -2 in the preamble on the one hand, and the sequence 
[1 ,0,-1 ,-2,-1 , 1 , 2, 1 ,0,0,-1 ,-2,-1 ,0] at those indices / that the phase detector determines to be just after a 2 in the pream- 
ble on the other hand. 

[0031] FIG. 6 shows the squared Euclidean distance between the synchronization mark and shifts of the synchro- 
nization mark into the preamble by multiples of two bits. When the shift is by an odd multiple of two, the polarity of the 
expected synchronization mark is flipped. Assuming the phase estimator correctly estimates the phase of the preamble, 
these are the shifts at which the distance metric calculator computes the squared distance between the sequence of 
fourteen (14) slicer estimates of the signal and the sequence of fourteen (14) samples expected at the synchronization 
mark. The minimum squared distance between the synchronization mark and any of its (polarity adjusted) shifts into 
the preamble is 37. If the qualification threshold to 9 (meaning that synchronization is determined to exist at the first time 
the metric does not exceed 9), then the minimum noise squared-amplitude that could cause early synchronization 
would be at least 

(737-V9) 2 > 9 

[0032] Also the minimum squared-noise amplitude that could cause missed synchronization would exceed 9. A 
similar analysis can be applied to the period-four version. 
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Claims 

1 . A sync mark detector, comprising: 

ssss sirs; sssssrs—" ^ ^ - . *- » - . 

signals, said idealized preamble signals being delayed from one another.. 

2. A sync mark detector according to Claim 1 , wherein said phase detector (250) is a modulo 4 phase detector and 
said preamble is a periodic preamble having penod 4m bits. 

3. A sync mark detector according to Claim 2, wherein said phase detector (250) accumulates the correlation sums 
below: 

Co 4 E *]{ E x ] 
«i-f E 4f E 4 

V/-(/ 6 +1)(mod4) / V/.</ 0 -1)(mod 4) J 

4. A method for detecting a sync mark, comprising: 

determining a phase of a preamble; and 

using said phase to establish an initial index for detecting said sync mark, and 

caSating a distance metric between a predetermined sequence and a sequence .beg.nn.ng , at «wynjh 
index ane? said inrtial index, where m is an integer greater than one (1). where.n sa.d sync mark.s detected if 

Sereifsa* ^"uT SSullg correlations betweer . s aid preamble and a plurality 

of preamble signals, said idealized preamble signals being delayed from one another 

5. A method according to Claim 4, wherein said preamble is a periodic preamble having period 4m bits. 

6. A method according to Claim 5. including accumulating the correlation sums below: 



*o=f E 4( E *] 

U/ 0 (mod4) A/ a (/ 0 -2)(mod4) J 

>,-f E 4( E 



7. A sampled ampl itude read channel , comprising: 

means (200) for receiving a signal, saldjsignsUndn^ 

Tans SS EKS^^ a distance metric between a predetermined 

Sequence and a sequence beginning at every mth index after said initial index, where m m an .nteger greater 

SreTsaid phase detecting means (250) calculates correlations between said preamble and a plurality of 
preamble signals, said idealized preamble signals being delayed from one another. 
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A sampled amplitude channel according to Claim 7, wherein said detecting means (250) is a modulo Am phase 
detector and said preamble is a periodic preamble having period Am bits. 

A sampled amplitude channel according to Claim 8, wherein said detecting means (250) accumulates the correla- 
tion sums below: 



».-{ E 4( E 4 

\/./ 0 (mod4) / V/«(/ 0 -2)(mod 4) J 



«i-f e 4f £ 4 

\/-(/ 0 +1)(mod4) / V-(/ 0 -1)(mod4) / 
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FIG. 5 



EPR4 Sequence 

0-20 2 0-20 2 0-20 2 0 -2-1 0 1 2 1 -1-2-1 0 0 1 2 1 0 
0-2 0 2 0-2 0 2 0-20 2 1 0-1-2-1 1 2 1 0 0-1-2-1 0 . . 
0-2 0 2 0-20 2 0 -2-1 0 1 2 1 -1-2-1 0 0 1 2 1 0.... 

0-2 0 2 0-20 2 1 0-1-2-1 1 2 1 0 0-1-2-1 0 

0-2 0 2 0-2-1 0 1 2 1 -1-2-1 001210 

0-2 0 2 1 0 -1-2-1 1 2 1 0 0 -1-2-1 Q 

0-2-1 0 12 1 -1-2-1 001210 

1 0-1-2-11 2 1 0 0-1-2-1 0 

FIG. 6 
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